Coherent transport and manipulation of spins in indirect exciton
  nanostructures by Violante, Adriano et al.
ar
X
iv
:1
40
8.
45
47
v1
  [
co
nd
-m
at.
me
s-h
all
]  
20
 A
ug
 20
14
Coherent transport and manipulation of spins in indirect exciton nanostructures
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We report on the coherent control and transport of indirect exciton (IX) spins in GaAs double
quantum well (DQW) nanostructures. The spin dynamics was investigated by optically generating
spins using a focused, circularly polarized light spot and by probing their spatial distribution using
spatially and polarization resolved photoluminescence spectroscopy. Optically injected exciton spins
precess while diffusing over distances exceeding 20 µm from the excitation spot with a spatial
precession frequency that depends on the spin transport direction as well as on the bias applied across
the DQW structure. This behavior is attributed to the spin precession in the effective magnetic field
induced by the spin-orbit interaction. From the dependence of the spin dynamics on the transport
direction, bias and external magnetic fields we directly determined the Dresselhaus and Rashba spin
splitting coefficients for the structure. The precession dynamics is essentially independent on the IX
density, thus indicating that the long spin lifetimes are not associated with IX collective effects. The
latter, together with the negligible contribution of holes to the spin dynamics, are rather attributed
to spatial separation of the electron and hole wave functions by the electric field, which reduces the
electron-hole exchange interaction. Coherent spin precession over long transport distances as well
as the control of the spin vector using electric and magnetic field open the way for the application
of IX spins in the quantum information processing.
PACS numbers: 71.35.-y, 75.76.+j, 75,70,Tj, 73.21.Fg
I. INTRODUCTION
An indirect (or dipolar) exciton (IX ) consists of a
Coulomb-correlated electron-hole pair with the individ-
ual particles confined in two closely spaced quantum
wells (QWs) in a double quantum well (DQW) structure
(cf. Fig. 1) subjected to a transverse electric field Fz.
Fz controls via the quantum confined Stark effect both
the IX energy and radiative lifetime, which can reach
the ms-range.1 The electric field can be used to later-
ally confine IX gases in DQW plane using electrostatic
gates2 as well as to control the interconversion between
IX and photons. In addition, the electrical dipoles aris-
ing from the charge separation give rise to strong repul-
sive exciton-exciton interactions3. Finally, IX s are com-
posite bosons and, therefore, susceptible to the formation
of collective exciton phases, as evidenced by the experi-
ments presented in Refs. 4–6. These interesting IX prop-
erties have been combined to demonstrate different de-
vice functionalities including light storage cells, switches,
and transistors7–9. The long IX lifetimes also enable the
long-range transport and coupling of IX packets. Differ-
ent approaches have also been introduced for the trans-
port of IX s based on bare diffusion,10 drift induced by
repulsive IX-IX interactions,4 or by using spatially vary-
ing electric fields, including electrostatic ramps11 as well
as moving electrostatic12 and acoustic lattices13–15.
Recently, the confinement of single IX s has been
demonstrated,2 thus opening the way for applications of
single IX s in quantum information.16 Here, the manip-
ulation and transport of IX spins offers further exciting
perspectives. IX s have several favorable properties for
spin control and manipulation. The reduced overlap be-
tween the electron and hole wave functions reduces not
only the radiative lifetime but also the exchange inter-
action between the exciton-bound electron spins and the
short-living hole spins (the excitonic or Bir-Aronov-Pikus
(BAP) mechanism17,18), thus enhancing the exciton spin
lifetime.19–21
The long lifetime also enables for spin control using
the spin-orbit (SO) coupling. Due to the Bulk Inver-
sion Asymmetry (BIA) intrinsic to the noncentrosym-
metric III-V materials (such as GaAs),22,23 moving spins
feel an effective magnetic field (the Dresselhaus field,24
BD), which modifies the spin vector during precession.
In addition, the Structural Inversion Anisotropy (SIA)
created by Fz induces a tunable contribution to the SO
magnetic field (the Rashba field,25 BR), thus providing
a powerful tool for the dynamic spin control during mo-
tion. Fz also affects spins by changing the g-factor.
26
The SO fields can, however, also lead to the dephasing of
exciton spin ensembles (the D’yakonov-Perel’ dephasing
mechanism). The spin dephasing time can be electrically
controlled by selecting Fz to modulate the total SO field
BSO = BD +DR.
27 The IX spin lifetime also enhances
under high particle densities. In analogy with the spin
dynamics of atomic condensates,28 the latter has been at-
tributed to the formation of collective IX phases.5,20,29–31
In particular, experiments carried out in this regime have
lead to the observation of spin currents in IX gases with
a variety of spatially resolved polarization patterns,31,32
which have been attributed to the SO magnetic field.
Most of the previous IX spin studies have addressed
the spin dynamics very close to the spin excitation area
(i.e., within distances < 10 µm), one exception being the
self-organized extended (i.e., > 20 µm) spin patterns re-
ported for the collective regime at high IX densities.5
In this work, we demonstrate that optically injected IX
2spins can be transported over distances exceeding 20 µm
from the injection spot. The spins coherently precess
during motion: the spatial precession period depends on
the motion direction and can be controlled by the ver-
tical field Fz applied across the DQW. This precession
behavior, which does not depend on IX density, is at-
tributed to the precession of the electron spins in the
anisotropic SO field. From the dependence of the spin
polarization on Fz , motion direction, and external mag-
netic field Bext we have determined the IX spin lifetime
as well as the absolute magnitude and orientation of the
SO fields in the DQW structures. In contrast to the
spin patterns in collective regime addressed in Ref.5, we
show that transport and manipulation of IX ensembles
reported here takes place in the drift-diffusive regime and
can be potentially extended down to the single spin level.
In the following, we first describe the sample structure
and the photoluminescence (PL) technique used to probe
the transport of excitons spins. We then present exper-
imental results demonstrating the transport and coher-
ent precession of IX spins in the SO field together with
detailed studies of the spin dynamics as a function of
propagation direction, bias, and external magnetic fields.
These results on spin transport and SO effects are com-
pared to the state-of-the art in the final sections of the
manuscript.
II. EXPERIMENTAL DETAILS
The samples used in the experiment contain three
sets of asymmetric GaAs DQWs grown by molecu-
lar beam epitaxy on a n+-doped GaAs(001) substrate
[cf. Figs. 1(a)-(b)]. Each DQW is formed by a dQW,1 =
14 nm (QW1) and a dQW,2 = 17 nm-thick QW (QW2)
separated by a thin (4 nm-thick) Al0.3Ga0.7As barrier.
Multiple DQWs were used in order to enhance the photon
yield of the PL experiments. The different QW widths
enable the selective generation of direct excitons in ei-
ther QW1 or QW2 by the appropriate selection of the
excitation wavelength33. The electric field Fz for the
formation of IX s was induced by a bias voltage VBIAS
applied between the n-doped substrate and a thin (10
nm-thick) semitransparent Ti electrode (STE) deposited
on the sample surface.
The spectroscopic experiments were carried out in a
He bath cryostat at 2 K. Excitons were generated using
a right circularly polarized beam from a cw Ti:Sapphire
laser resonant with the electron-heavy hole direct exciton
(DX) transition of the wider (QW2) QW. The laser was
focused onto a spot with a diameter of 2.5 µm using a mi-
croscope objective. The PL around the laser spot was col-
lected by the same objective, analyzed regarding the cir-
cular polarization, and then imaged on the entrance slit
of a spectrometer connected to a cooled charge-coupled-
device (CCD) camera. The detected CCD images con-
tain information about the energy (direction perpendic-
ular to the slit) and spatial distribution of the PL inten-
FIG. 1: (a) Double quantum well (DQW) structures for in-
direct exciton (IX ) spin transport. The IX s are optically
excited using a focused laser pulse in a DQW subject to an
electric field (Fz) induced by a bias VBIAS applied between the
doped substrate and a semitransparent top electrode (STE).
IX spin transport is mapped by imaging the IX photolumines-
cence (PL) emitted along direction k with polarization sen-
sitivity. During motion along k, the spins precess under the
spin-orbit (BSO) and external magnetic field (Bext). (b) En-
ergy band diagram of the GaAs/(Al,Ga)As DQW along the
vertical (z) direction showing the direct (DX ) and IX transi-
tions under the electric field Fz. (c) Spatially and spectrally
resolved images of the PL with right (σ+, upper panel) and
left (σ−, lower panel) circular polarizations recorded under
a bias VBIAS = −2 V and a laser power of 13 µW. DX and
IX denote the emission from direct and indirect excitons in
the DQW structure, while the line at 1.515 eV arises from
excitons in the GaAs substrate.
sity (along the slit). The spatial (coordinate r) depen-
dence of the spin polarization was calculated according
to ρz(r) = [Iσ+(r) − Iσ−(r)] / [Iσ+(r) + Iσ−(r)], where
Iσ+(r) (Iσ− (r)) denote the PL intensity at r with right
(left) circular polarization.
III. RESULTS
A. Coherent spin precession during transport
Figure 1(c) compares PL images with right (σ+) and
left (σ−) polarization recorded with the spectrometer
slit aligned with the sample crystallographic direction
x′ = [110]. The emission patterns at 1.515 eV and
1.525 eV arise, respectively, from excitons in the GaAs
substrate and from the low energy tail of DXs in QW2.
In both cases, the emission is restricted to a region close
to the excitation spot, thus indicating negligible diffusion
distances for these excitations. The line at 1.520 eV is as-
sociated with the emission of IX s in the DQW structure,
which in this case was subject to a bias VBIAS = −2 V.
The emission extends to radii exceeding 40 µm - these
3long transport distances arise from the fact that the IXs
are driven not only by diffusion but also by the drift
forces induced by repulsive exciton-exciton dipolar in-
teractions at the areas of high exciton density close to
the excitation area. This assertion is supported by the
strong dependence of the extension of the IX PL cloud
on the excitation density Pl, as displayed by the dashed
and dash-dotted lines in Fig. 2(a). These curves dis-
played the spatial dependence of the total PL intensity
(i.e., [Iσ+(r) + Iσ−(r)] determined from PL images for
laser excitation powers of Pl = 13 µW (as in Fig. 1(c))
and 1.6 µW, respectively. The characteristic shape of
the spatial PL profiles are consistent with the observa-
tions of Ref.4, which reported that the IX PL reduces in
the area of hot IX close to the excitation spot. Further-
more, a closer look to Fig. 1(c) also reveals that the IX
emission energy red-shifts as one moves away from the ex-
citation spot. In fact, the average IX emission energy at
x′ = 0 µm is ∼ 0.5 meV higher than at x′ = 75 µm. This
energetic blue-shift is attributed to the strong repulsive
IX -IX interaction at the high IX densities (estimated34
to be of 2× 1010 cm−2) close to x′ = 0.
The intensity of the circularly polarized IX emission
in Fig. 1(c) is also spatially modulated with the maxima
for the σ+ polarization corresponding to minima in the
σ− polarization. The symbols in Fig. 2(a) display the
corresponding profiles for the spin polarization ρz. This
spatial PL modulation is attributed to the precession of
the IX electron spins in the effective SO magnetic field
BSO during their motion away from the excitation spot.
The ρz oscillations extend over a range of radial distances
shorter than the radius of the emission cloud. While
the amplitude of the oscillations increases with Pl, their
spatial period remains essentially constant. A similar
increase in spin polarization with excitation density was
previously reported in Ref.20 and attributed to the onset
of collective exciton effects. The fact that the spatial
precession period does not change with the excitation
density indicates, however, that the spin precession rates
under the SO field does not depend on the IX density.
In addition, the larger ρz amplitudes in our case is at
least in part due to the shorter expansion times of the
IX cloud resulting from IX -IX interactions under high
Pl, which reduces the impact of spin scattering processes.
The solid lines in Fig. 2(a) are fits of the experimental
results to damped oscillations with a spatial dependence
given by:
ρs(r) = ρs(0)e
−r/ℓs cos (2πr/ℓp(rˆ)). (1)
Here ℓp(rˆ) is the spin spatial precession period for prop-
agation along rˆ, which is equal to the SO precession pe-
riod ℓso in the absence of external magnetic fields. ℓs
denotes the effective spin transport decay length. Equa-
tion (1) describes the spin dynamics in a non-degenerate
QW at low temperatures (i.e., for thermal energies less
than the QW confinement energy), when spin precession
rate Ωso(k) =
µBBSO
~
becomes proportional to the elec-
tron wave vector k. Under this condition, the spin pre-
cession period (for Bext = 0) ℓp = ℓso =
me
2π~2
k
Ωso(k)
only depends on direction rˆ. The spin decay length ℓs,
in contrast, depends on temporal dynamics of the carrier
motion as well as on the details of the spin scattering
processes. The fits carried out with a single value for
ℓp (i.e., independent of r) displayed in Eq. 1 reproduces
very well the measured spin polarization profiles.
FIG. 2: (a) Profiles for the spin polarization (ρs, symbols)
and for the average PL intensity (I¯PL, dashed and dot-
dashed lines) for exciton transport along the x′||[110] (sym-
bols) recorded for laser excitation densities Pℓ = 1.6 µW
(open symbols) and 13 µW (solid symbols). and [1¯10] direc-
tions (open symbols). (b) Corresponding profiles for transport
along y′||[1¯10] recorded for Pℓ = 6 µW. The solid lines super-
imposed on the symbols are fits of the experimental results to
Eq. 1. (c) In-plane dependence of the Dresselhaus (BD) and
Rashba (BR) contributions to the SO effective magnetic field
BSO = BD +BR.
B. Dependence on propagation direction
The wave vector (k) dependence of the SO contribu-
tions BD(k) and BR(k) for a III-V QW is illustrated
in Fig. 2(c). Here, we use a reference frame defined
by the axes x′||[110], y′||[1¯10], and z||[001]. The associ-
ated (temporal) electron spin precession frequencies Ωi,
(i = D,R) can be written as a function of the wave vector
k as:35
~ΩD(k) = γ
(
π
deffQW
)2  ky′kx′
0

 and (2)
4~ΩR(k) = 2Fzr41

 ky′−kx′
0

 (3)
where γ and r41 are the Dresselhaus and Rashba spin
constants, respectively. Equations 2 and 3 apply for small
wave vectors (i.e., |k′x|, |k′x| << πdeff
QW
. deffQW is the effective
extension along z of the electronic wave function in the
QW confining the electrons (QW2 in the present case, as
determined by the sign of VBIAS). d
eff
QW is determined by
both the QW width and by the penetration depth into
the barrier layers. The corresponding amplitudes of the
spatial precession frequencies ℓ−1so,i can be derived from
the precession distance required for a spin rotation by
2π. The following expressions are obtained:36
ℓ−1so,D = γ
me
2π~3
(
π
deffQW
)2
and ℓ−1so,R =
me
π~3
r41Fz .
(4)
If BD||BR the resulting spatial precession frequency will
be given by ℓ−1so = |ℓ−1so,D±ℓ−1so,R|, where the sign is defined
by the relative orientation of the two fields.
Equations 2 and 4 predicts that the spatial precession
period ℓso depends both on transport direction and on
bias electric field Fz. In order to check the in-plane
anisotropy ofBSO, we show in Fig. 2(b) spin polarization
profiles recorded for IX motion along the [11¯0] surface di-
rection (i.e., orthogonal to the one in Figs. 1(c) and 2(b)).
The period of the precession oscillations is much larger
than for the motion along the [110] direction. The larger
period, which in this case becomes comparable with the
spin decay length ℓs, makes the amplitude of the oscilla-
tions weaker than in Fig. 2(a). The dependence of ℓso on
transport direction is in agreement with the diagrams of
Fig. 2(c): while BD and BR add for motion along [110],
they partially cancel each other for motion along [1¯10],
thus leading to a weaker SO field. Interestingly, while
a weaker BSO reduces spin scattering, it does not nec-
essarily improve the visibility of the ρz oscillations since
one also has to satisfy the constraint ℓso < ℓs. On the
other hand, a stronger BSO reduces the spatial preces-
sion period. In this case, however, one needs to reduce
the excitation spot to dimensions at least a factor of 2
smaller than the oscillation period in order to measure
the oscillations.
C. Electric spin control
The electric control of the spin precession frequency is
demonstrated by the series of profiles recorded for trans-
port along [110] in Fig. 3(a). The amplitude Fz of electric
field was determined from the applied bias VBIAS using
the procedure described in Ref.14. The spatial preces-
sion period ℓso reduces by over 15% with increasing Fz,
FIG. 3: (a) Profiles for the spin polarization (ρs, symbols)
recorded for increasing electric fields Fz applied along the
growth direction of the DQW structure. (b) Dependence
of the spatial spin precession frequency 1/ℓso on the elec-
tric field Fz for transport along x
′||[110] (solid symbols) and
y′||[1¯10] (open symbol). The solid line is a fit of the data along
[110] to ℓ−1so = ℓ
−1
so,D + ℓ
−1
so,R (cf. Eq. 4) with γ = 17.9 eVA˚
3,
r41 = −8.5 eVA˚
2, and deffQW = 21 nm. The corresponding in-
verse spatial precession periods ℓ−1so,D and ℓ
−1
so,R are illustrated
by the dashed lines. The dot-dashed line shows the expected
inverse precession period for motion along [11¯0].
thus indicating an enhancement of the Rashba field BR
as well as of the total SO field BSO. Larger changes can
be in principle be achieved by increasing the bias across
the DQWs. These, however, also reduce the PL yield and
may lead to field-induced carrier leakage out of the DQW
structure, thus hampering an efficient spin detection.37
The measured spatial precession frequencies (ℓ−1so ) are
plotted as a function of the transverse electric field in
Fig. 3(b). The solid line is a fit of the data mea-
sured along [110] to the expression: ℓ−1so = ℓ
−1
so,D + ℓ
−1
so,R
(cf. Eq. 4), which gives γ = 17.9 eVA˚3, r41 = −8.5 eVA˚2,
and deffQW = 21 nm (the signs for γ and r41 will be de-
termined below. The corresponding inverse precession
periods ℓ−1so,D and ℓ
−1
so,R for propagation along this direc-
5tion are illustrated by the dashed lines. For the applied
bias, indirect excitons are created in the DQW struc-
ture with the electrons confined within the wider (17 nm
wide) QW. The value for deffQW used in the fits is compat-
ible with an electronic wave function with a penetration
depth of 2 nm in the barriers. As will be further dis-
cussed later, these SO parameters agree well with values
reported in the literature.
The open symbol in Fig. 3(b) shows the inverse pre-
cession period measured for spin propagation along y′,
where the Dresselhaus contribution changes in sign rel-
ative to the x′. The measured value agrees well with
the calculated inverse periods ℓ−1so for this propagation
along this direction (dash-dotted line). Note that the
change in relative signs of the Rashba and Dresselhaus
effective magnetic fields can in principle also be attained
for a fixed motion direction by simply reversing the bias
polarity. For the asymmetric DQWs used in the present
experiments, however, a reversal in direction of Fz moves
the electrons to the narrow QW, thus also changing the
magnitude of the Dresselhaus contribution. In addition,
while the leakage current is very low for negative biases
(a few nA), it increases considerably for high positive
biases, thus indicating enhanced carrier leakage.
D. Magnetic field dependence
An external magnetic field Bext applied along the
DQW plane provides an additional degree of freedom to
control the spin vector. The experiments were carried out
under the configuration illustrated in Fig. 1(a), where one
maps the spins moving along x′ under an external field
Bext||y′ and collinear with Bso. Figure 4(a) displays ρz
profiles along x′ recorded under different external mag-
netic fields. Large magnetic fields (|Bext| > 6 mT)
mainly induce a reduction of the overall spin polariza-
tion (Hanle effect), from which one can extract the spin
dephasing time τs. For that purpose, we plot in Fig. 4(b)
the spin IX polarization at the excitation spot ρ¯z as a
function of Bext. The lines superimposed on the data
points are fits to the Hanle expression:
ρ¯z(Bext) =
ρ¯z(0)
1 + (ωLτ∗)2 with ~ωL = geµBBext. (5)
where ρ¯z is the degree of polarization at the generation
point, 1τ∗ =
1
τIX
+ 1τs with τIX the indirect exciton life-
time. By using the conduction band g-factor |ge| = 0.44
and considering τIX >> τs , one extracts from the fits
spin lifetimes of 3 and 6 ns for excitation powers of
Pl = 1 µW and 13 µW, respectively. These lifetimes
are considerably longer than the typical carrier scattering
times, thus indicating that the spin dynamics observed
here takes place in diffusive (or strong scattering) regime.
Weak magnetic fields, in contrast, mainly affect the
spin spatial precession frequency, as indicated by the
symbols in Fig. 4(c). In contrast to the SO field, which
FIG. 4: (a) Spin polarization profiles as a function of an
external magnetic field (Bext). The curves are stacked for
clarity. (b) ρz close to the excitation spot as a function of
Bext measured for optical excitation densities Pl = 13 µW
(squares) and 1 µW (dots). The dashed lines display fits to
Eq. 5, from which one extracts spin lifetimes of 6 and 3 ns,
respectively. (c) Dependence of the inverse precession period
(1/ℓp = 1/ℓso+1/ℓB , where ℓso and ℓB are the precession pe-
riod around the SO and external fields, respectively) on Bext
(symbols). The lines are the predictions from the diffusion
(DIX) and drift (vD) models discussed in the text.
reverses with carrier momentum, the external field has a
fixed direction and its action on the spin vector only de-
pends on time. These features can be exploited to deter-
mine the absolute orientation of Bso. When Bext is ori-
ented along +y′ (upper curves for Bext > 0 in Fig. 4(a)),
the spatial spin precession rate increases (reduces) for
spins moving along +x′ (−x′). The opposite behavior is
observed when the orientation of Bext reverses (curves
for Bext < 0). From these results, together with the
increase of the spatial precession frequency along the x′
with |Fz| (cf. Fig. 3(a), we unambiguously establish that
both the Rashba and Dresselhaus spin orbit fields point
towards y′ when spins move along x′. The Dresselhaus
splitting constant γ in Eq. 2 is thus positive while the
Rashba parameter r14 is negative.
The different natures of the two fields allows us to
extract information about the precession dynamics dur-
ing motion and their impact on the precession period ℓp.
Here, we first note that the different ℓp values in Fig. 4(a)
along +x′ and −x′ implies that both fields (i.e., Bso and
Bext) must act simultaneously on the spins during the
motion. This becomes clear if one considers the hypo-
thetical situation, where the spins initially move to the
final position x′ within a very short time (thereby pre-
cessing only around Bso(k)) and then remain trapped
there until recombination (thus precessing only around
Bext). In this case, Bext would simply add a fixed (i.e.,
position independent) phase to the spatial oscillations
6determined by Bso and ℓp would be the same for spin
motion along both the positive and negative x′ axes, in
contrast to the results displayed in Fig. 4(a).
Since Bext and Bso are collinear in Fig. 4(a), the in-
verse precession period can be written as ℓ−1p = ℓ
−1
so +
ℓ−1B (Bext), where ℓ
−1
B (Bext) is the contribution associ-
ated with the external field. In order to account for the
dependence of ℓ−1p on Bext one needs information about
the spin position x′ as a function of time (t). We con-
sider the following two extreme situations. First, if the
motion is mainly driven by the IX-IX repulsion forces
at the excitation region, the carriers are expected to
move with an approximately constant velocity vD, yield-
ing ℓ−1B (Bext) = ℓ
−1
B,vD
= gµB2π~
Bext
vD
. This model predicts
the linear dependence of ℓ−1p on field indicated by the
dashed line in Fig. 4(c). The very small values used
for vD = 80 m/s, which corresponds to only ∼1% of
the average exciton thermal velocity at 2 K, probably
arise from the fact that diffusion has been completely
neglected. While the behavior for small fields is well ac-
counted for, the model fails to reproduce the deviations
from linearity observed as the |Bext| increases. The sec-
ond extreme situation occurs if motion in purely driven
by diffusion, in which case x′ =
√
DIXt, where DIX is
the IX diffusion coefficient. A straight-forward calcula-
tion yields ℓ−1B (Bext) = ℓ
−1
B,D =
√
gµB
2π~
Bext
DIX
, leading to the
behavior depicted by the solid line in Fig. 4(c). The cal-
culations were carried out using an exciton diffusion co-
efficient DIX = 40×10−4 cm2/s, which is approximately
a factor of 2 larger than the one expected from Ref.10 for
diffusion in a 15 nm wide QW. Despite its simplicity, this
approximation reproduces reasonably well the measured
behavior for large field amplitudes. A good fit requires,
however, values for DIX higher that those expected from
Ref.10. This becomes necessary to reduce the IX trans-
port (and precession) time and, in that way, compensate
for the errors arising neglecting of drift effects. A more
precise description of the spin dynamics by taking into
account drift and diffusion is presently under study.
IV. DISCUSSIONS
The experimental results of the previous section un-
ambiguously show the coherent precession of optically
excited spins in the effective magnetic field Bso induced
by the SO interaction. The spin precession period de-
pends on the in-plane motion direction - it is essentially
independent of the IX density and can be controlled by
external electric and magnetic fields. The measured spin
lifetimes (of a few ns) indicate that transport takes place
in the drift-diffusive regime. The spin dynamics is well-
described by taking into account the SO parameters as
well as the g-factor for electrons, thus showing that it
is determined by the IX electron spins. In fact, the SO
parameter γ = 17.9 eVA˚3 compares well with those de-
termined from electron spin transport in (100),38 (110),39
and (111) QWs37 with comparable widths. The magni-
tude of the Rashba parameter r41 = −8.5 eVA˚2, however,
lies above the experimental values of 4 and 6±1 eVA˚2 of
Refs.40 and37, respectively, as well as the calculated value
of 5.2±1 eVA˚2 from Ref.36. While further investigations
are required to clarify this difference, we speculate that
it may be related to the asymmetric barriers in the DQW
structure, which make the electronic wave function more
susceptible to the applied electric fields.
The coherent transport and precession of electron spins
in the SO field in the drift-diffusive transport regime has
been previously reported for bulk GaAs layers41,42 as well
as QW structures.38,39,41,43,44 In these experiments, elec-
tron transport has been driven by an external electric (or
piezoelectric field): in this way, the spins could be moved
over microscopic distances before dephasing (assumed to
be due to the D’yakonov-Perel’ mechanism45) sets in. To
our knowledge, however, the coherent precession of spins
injected in an undoped QWs in the absence of an elec-
tric driving field demonstrated here has so far not been
reported.
The observation of coherent spin precession in the
SO field requires small ratios ℓso/ℓs (cf. Eq. 1). Here,
ℓso ∼ aso〈Ωso〉 (aso is a proportionality constant and
the 〈〉’s denote thermal averages over the transport path)
only depends on the strength of the SO interaction. The
spin decay length ls, in contrast, depends on transport
time. For purely diffusive motion in the D’yakonov-Perel’
regime, ls ∼ DIX2r 1τc〈Ω2so〉 , where τc is the carrier scat-
tering time and DIX the diffusion coefficient, reduces
with transport distance r. As a result, the requirement
ℓso/ℓs ∼ 2τcDIX
〈Ωso〉
〈Ω2so〉
asor < 1 becomes increasingly difficult
to be satisfied for long transport distances r (as well as for
strong SO fields). In the present experiments, the expan-
sion forces due to IX -IX repulsive interactions appear to
have a fundamental role, since they considerably reduce
the transport time, thus increasing ℓs and enabling the
observation of precession oscillations.
Coherent spin patterns resulting from precession in the
SO field have been reported for macroscopically ordered
IX phases.5,31 The long spin coherence lengths required
for their formation have been attributed to the reduced
scattering in the ordered state, which enables the exciton
transport in the ballistic regime. The results presented
in the previous section show that long spin lifetimes and
transport lengths, as well as coherent precession in the
SO field can also be achieved in the drift-diffusive regime.
This behavior is followed occurs over a wide range of ex-
citon densities, thus indicating that it is not associated
with collective effects. Interestingly, the spatial extent
of the precession oscillations reported here is comparable
to the ones for the self-organized spin patterns.31 There
are additional fundamental differences between the two
cases. While the spin pattern observed in Ref.31 results
from self-organization and does not rely on the initial
exciton polarization, the ones presented here appear as
a consequence of the coherent transport of optically in-
jected spins. In addition, the dynamics observed here is
7associated with electron spin precession, while Ref.31 has
invoked the simultaneous evolution of hole and electron
spins.
Finally, as in most of the reports of coherent precession
of optically injected spins in the SO field, the absence of
hole spin contributions to the spin dynamics is attributed
to the short hole spin coherence times as well as the spa-
tial separation of the electron and hole wave function in
the DQW structure. Since we have excited and probed
IX spins, an interesting question is whether the electrons
and hole remain bound during transport. Although we
cannot present a conclusive evidence for this behavior,
we mention that the IX spins have been excited with
small excess energy (approx. 10 meV), thus reducing the
probability of exciton dissociation followed by the spa-
tial separation of electrons and holes. In addition, the
IX spatial profiles (cf., e.g., Fig. 1(c)) do not show the
characteristic rings observed when electrons and holes
diffuse independently.
V. CONCLUSIONS
We have presented experimental evidence for the co-
herent precession of exciton spins during transport in
the effective magnetic field induced by the SO interac-
tion. The precession dynamics is essentially independent
of the IX density, but can be controlled by an external
bias (via changes in the SO field) or magnetic field. The
spin dynamics are well explained by taking into account
electron spin precession, with no noticeable hole spin con-
tribution. The technique used by us allows for the con-
trol and discrimination of precession effects arising from
the Rashba and Dresselhaus SO contributions, as well as
those induced by an external magnetic field. In this way,
we were able to directly determine the absolute value
and sign of the spin splitting parameters for the Rashba
and Dresselhaus SO mechanisms. In addition, the spin
dynamics in the presence of an external magnetic field
yield information about the precession dynamics during
transport. The long spin transport distances as well as
the control of the spin vector open the way for the use of
IX spins to encode and manipulate quantum information
in opto-electronic semiconductor devices.
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